Introduction
Zebrafish have become a powerful model organism to study the innate immune system [1, 2] because they are genetically tractable and amenable to small molecule screening [3, 4] . Zebrafish larvae develop an innate immune system comprised primarily of neutrophils and macrophages. Recent studies have also reported the presence of eosinophils [5] and mast cells [6] . Neutrophils can be identified by a high number of refractive granules in the cytoplasm [7] , expression of myeloperoxidase (MPO, or MPX, myeloid-specific peroxidase) [8, 9] , myeloperoxidase activity [9] and Sudan Black labeling [7] . Transgenic lines expressing GFP in neutrophils have been generated and have been used to gain insight into neutrophil activities within contexts of acute inflammation [10, 11] , chronic inflammation [12] [13] [14] , infection [15] and during hematopoietic development [5] .
Studies of the leukocyte response to tissue damage and/or infection have shown that neutrophils are the first to respond, and subsequently macrophages are recruited to inflamed tissues, where their main function is phagocytosis of pathogens and tissue debris (reviewed in [16] ). Multiple subtypes of the monocyte/ macrophage lineage are known to exist [17] , and macrophages have been shown to play a central role in host defense, with roles in both the innate and adaptive immune responses [18, 19] . Primitive macrophages have been characterized in zebrafish embryos [20] , but are gradually replaced during later stages of definitive hematopoiesis [5] . Multiple genes have been suggested as markers for the monocyte/macrophage lineage in zebrafish, including LPlastin [20] and Lysozyme C [21] , however subsequent reports have indicated that these genes are expressed in other leukocytes as well [22, 23] . Colony stimulating factor 1 receptor (CSF1R, also known as c-fms) shows a hematopoietic expression pattern similar to L-Plastin [24] and is co-expressed with LP but not with MPO [22, 25] . For these reasons CSF1R has become an accepted marker for zebrafish macrophages. Transgenic zebrafish expressing fluorescent proteins in primitive macrophages [26, 27] and myelo-monocytic cells (i.e., both neutrophils and macrophages) have been engineered [22, 28, 29] , yet characterization of macrophages at larval developmental stages has not been well defined to date. In this study we utilize immunolabeling and time-lapse microscopy to characterize a subset of zebrafish macrophages that respond to inflammatory stimuli in zebrafish larvae.
Center. Adult AB zebrafish and embryos were maintained according to standard protocols [30] and staged as previously established [31] . Talifin wounding was performed as described [10] . Laser wounding was performed by focusing a 405 nm diode laser beam at full power on a small circular area (diameter 1 mm) for 1 min. All images and movies are of larvae at 3 days postfertilization (dpf) unless specified otherwise.
Whole mount immunolabeling
Zebrafish larvae were fixed in 1% formaldehyde in PBS for 2 h at room temperature and immunolabeled as described [10] . Rabbit antibodies to zebrafish MPO and L-Plastin have been described [10, 13] . For MPO/L-Plastin double-immunolabeling, larvae were labeled sequentially as follows: (1) rabbit anti-zMPO, (2) FITCconjugated goat anti-rabbit Fab fragment (Jackson), (3) rabbit anti-L-Plastin IgG conjugated to Rhodamine Red (LP-RR) using the FluoReporter Rhodamine Red-X Protein Labeling Kit (Molecular Probes), according to manufacturer's instructions. Control experiments using rabbit anti-Pan Cadherin antibodies (Sigma) instead of anti-zMPO confirmed the LP-RR antibody binds neither a rabbit primary antibody nor the goat Fab secondary antibody (data not shown). To immunolabel GFP a rabbit anti-GFP antibody (Invitrogen) was used, followed by the LP-RR antibody. To immunolabel epidermal cells a mouse anti-p63 antibody (Novus) was used as described previously [12] .
Histochemistry
Whole mount Sudan black staining of neutrophils was performed as described [7] except that a 1:20 dilution of the stain was utilized, followed by immunolabeling of L-Plastin. Cells isolated by FACS were plated on glass slides and stained using Leukocyte Peroxidase (MPO) activity kit (Sigma) according to manufacturer protocols or cells were affixed to glass slides via cytospin, air dried and stained with Wright-Giemsa (Fisher).
Image acquisition and analysis
Epifluorescent imaging, confocal imaging and time-lapse microscopy were performed as described [10, 12, 13] . For timelapse movies AVI files were made using the Cinepak codec and graphics were added using ImageJ.
Fluourescence activated cell sorting (FACS)
Tg(mpx:eGFP) uwm1 (zMPO:GFP) [10] larvae at 3 dpf were trypsinized (approximately 150 larvae per experiment) and sorted by FACS as described [32, 33] with minor modifications. Trypsinized cells from wild-type embryos at an identical stage were used to set the lower limit of GFP expression for each experiment.
RNA isolation and reverse transcriptase PCR (RT-PCR)
RNA was isolated using the RNeasy Mini Kit, including oncolumn RNAse-free DNAseI digestion (Qiagen). RT-PCR was performed as described [34] with minor modifications; 40 cycles and an anneal temperature of 55 8C was used for all genes except MMP9 (50 8C). Primers sequences and references are shown in Fig. S2 . All primer sets were designed to span at least one intron such that amplification from contaminating genomic DNA could be distinguished by band size from amplification from spliced mRNA.
Results

Immunolabeling of larval zebrafish leukocytes
Immunofluorescent co-labeling of zebrafish MPO and L-Plastin (LP) revealed two populations of leukocytes that express LP within the Caudal Hematopoietic Tissue (CHT) at 2-3 dpf: LP+ cells that express MPO (neutrophils) (Fig. 1A -C and S1D-F, arrowheads) and LP+ cells that do not express MPO (Fig. 1B and C and S1E-F, arrows). Earlier in development at 28 h post-fertilization (hpf), we observed some MPO+ cells that express little to no LP ( Fig. S1A -C, blue arrowheads) within the posterior blood island (PBI), while most MPO+ cells also express LP (Fig. S1A -C, white arrowheads). At 2-3 dpf LP+MPOÀ cells are also seen in the head, eyes and over the yolk sac ( Fig. S1G-I ). These findings are consistent with in situ hybridization for LP [20] , and since CSF1R has been shown to be coexpressed in hematopoietic cells with LP but not MPO [22] , these findings suggest that the LP+MPOÀ cells represent macrophages.
Both neutrophils and LP+MPOÀ cells are recruited to wounds induced in the tailfin, but display distinct morphological features that further characterize each cell type ( Fig. 1D-L ). As previously reported [10] neutrophils recruited to a wound take on a compact, highly polarized morphology. In contrast LP+MPOÀ cells display an elongated morphology with no obvious polarization (Fig. 1E, F , H, I, K and L, arrows). Furthermore, LP+MPOÀ cells tend to line up along the edge of a wound, covering much of the exposed area of the wound ( Fig. 1E and F) . At higher magnification the MPO immunolabel is granular (Fig. 1J-L) and distinct from the LP label ( Fig. 1K and L) , providing evidence for the specificity of the two antibodies. The lipophilic dye Sudan Black has been shown to label zebrafish neutrophils [7] , and double-labeling using this dye and the LP antibody confirmed the presence of a population of LP+, non-neutrophil cells that are recruited to inflamed areas (data not shown). At later developmental stages (8 dpf) LP+MPOÀ cells with an elongated morphology are found throughout the trunk of wildtype larvae ( Fig. 2A and B, arrows) . These leukocytes are found almost exclusively within the p63-expressing epidermis ( Fig. 2C and D) and tend to accumulate along the dorsal margin and lateral line. The recruitment of elongated LP+MPOÀ cells to wounds and their placement within the epidermis indicates that these cells represent a population of tissue macrophages that respond to inflammatory stimuli.
Expression of hematopoietic markers in transgenic zMPO:GFP larvae
In a recent study [10] we characterized a transgenic zebrafish line (zMPO:GFP) that expresses GFP at a high level in neutrophils (GFP hi cells) and a low level in a second migratory cell type (GFP lo cells) that resembles the elongated cells seen by LP immunolabeling (Fig. 3A) . In support of this interpretation, co-immunolabeling of zMPO:GFP larvae at 3 dpf using an antibody to GFP showed that both the GFP hi neutrophils (Fig. 3D-F, arrowheads) , and GFP lo elongated cells (Fig. 3D-F , arrows) express L-Plastin. Cells expressing GFP at a low level above background (GFP-Lo) and at a higher level (GFP-Hi) were collected by FACS of dissociated 3 dpf zMPO:GFP larvae (Fig. 3B ) and analyzed by RT-PCR and histochemical analysis. Note that hereafter superscript ''lo'' or ''hi'' following ''GFP'' (e.g., GFP hi ) will refer to leukocytes observed by microscopy, while ''-Lo'' or ''-Hi'' refers to FACS fractions. RT-PCR analysis demonstrated that LP and the neutrophil marker MPO were expressed in both fractions (Fig. 3C) , with reproducible enrichment of MPO in the GFP-Hi fraction (Fig. S2) . In contrast the macrophage marker CSF1R was only expressed in the GFP-Lo fraction. Genes expressed by non-hematopoietic cells that also express the zMPO:GFP transgene [10] were observed primarily in the GFP-Lo fraction and to a very small extent in the GFP-Hi fraction (Fig. S2) , indicating the presence of contaminating nonimmune cells. This was supported by histochemical analysis that indicated the presence of non-hematopoietic cells primarily in the GFP-Lo fractions (data not shown). Both the GFP-Hi and GFP-Lo fractions contained hematopoietic cells consisting predominantly of precursors (Fig. 3Ci ,iv) that we were unable to adequately distinguish any further by morphology alone. However, the majority of cells in the GFP-Hi fraction stained positive for neutrophil-specific MPO activity (Fig. 3Cii) while MPO-positive cells were relatively rare in the GFP-Lo fraction (data not shown). Furthermore, cells with more mature neutrophil and macrophage morphologies were identified in the GFP-Hi (Fig. 3Ciii) and GFP-Lo (Fig. 3Cv,vi) fractions, respectively. Taken together these RT-PCR and histochemical results indicate that the GFP-Hi fraction is enriched with neutrophils (which also express Lysozyme C, MMP9 and MMP13, see Fig. S2 ) at varying stages of development, while the GFP-Lo fraction contains (among other hematopoietic precursors) macrophages, which likely represent the GFP lo cells observed by microscopy (Fig. 3A) .
Migratory characteristics and phagocytic behavior of GFP lo Macrophages
In response to tissue wounding GFP lo cells were observed to extend one or more thin pseudopods and then migrate by streaming the remaining cell contents into one of these pseudopods ( Fig. 4A and Movie S1). This process can be repeated several times with sequential pseudopod selection (Movie S2), creating a stepwise migration that is distinct from the more gliding movement of GFP hi neutrophils [10] . This mode of migration by extension of thin pseudopods is typically observed, seen in 11 out of 11 GFP lo cells from one time-lapse movie (which includes the cells in Movies S1 and S2), and 8 out of 8 cells in another. GFP lo cells
were also observed to extend and maintain a pseudopod toward a wound, followed by retraction of the pseudopod (Fig. 4B and [10] . However, retrograde migration away from a wound and toward the vasculature is also exhibited by GFP lo macrophages (Movie S3).
GFP lo macrophages were also observed to phagocytose pigment following laser-mediated wounding of a melanocyte (Fig. 5 and Movie S5), providing functional evidence that they are macrophages [7] . Importantly, these macrophages are observable by time-lapse phase-contrast microscopy and can be distinguished from neutrophils by the morphological and migratory characteristics described in this study.
Discussion
Collectively the data in this report characterize a class of leukocytes in zebrafish larvae whose morphology and functional properties indicate that they are a population of macrophages that are distinct from primitive macrophages [20] and neutrophils. Prior to more detailed characterization we propose to call these macrophages ''inflammatory macrophages'', based on their involvement in inflammatory processes in larvae (Fig. 1D-I) ; note that this is distinct from ''inflammatory monocytes'' described previously [35] . Several different subsets of the macrophage/monocyte lineage have been characterized in higher eukaryotes [17] including specialized tissue-specific subsets [18] . Microglial cells, derived from LP+ precursors, have been described in zebrafish larvae and reside in the central nervous system [36] ; however no other macrophage subsets have been defined in zebrafish to date. We expect that as development progresses the degree of macrophage heterogeneity will concurrently increase in zebrafish larvae. By using our zMPO:GFP transgenic fish, further macrophage markers based on tissue residency could be defined by dissection of larvae [37] , followed by FACS and RT-PCR (Fig. 3B and C) . The positioning of inflammatory macrophages throughout the epidermis in older larvae (Fig. 2) suggests that some may be resident tissue macrophages, while their morphology and migratory characteristics (Fig. 4) resemble that of dendritic cells [38] .
To date there have been few studies of macrophages during larval stages of zebrafish development, and these have been hindered somewhat by discrepancies in expression of hematopoietic markers. Multiple labs have produced transgenic fish that express fluorescent proteins in macrophages [28, 29] by use of promoter fragments from the Lysozyme C gene, which was previously thought to be macrophage-specific [21] . However, these transgenic lines label both neutrophils and macrophages, and multiple reports indicate that Lysozyme C is also expressed in neutrophils [22, 23] , consistent with our findings (Fig. S2 ). In the zMPO:GFP transgenic line [10] , neutrophils and inflammatory macrophages can be readily distinguished based on GFP expression (Fig. 3A) . Since we see no MPO immunolabel in LP+ macrophages at high magnification (Fig. 1J-L) , the low amount of GFP expressed by macrophages in the zMPO:GFP line may be due to elements in the transgenic construct rather than a reflection of low levels of MPO activity observed in macrophages in other species [39] . The expression of MPO in the macrophage-enriched GFP-Lo fraction (Fig. 3C ) is most likely from neutrophil precursors [9] . Few hematopoietic markers seem to be specific to macrophages, which hinders further characterization of this lineage. A role for MMP13 in macrophage migration has been shown [28] , however we found that neutrophils also express MMP13 (Fig. S2) . Use of CSF1R as a marker for macrophages is generally accepted but is somewhat limited due to expression in neural crest cells [40] . Outside of marker genes the only described methods to identify macrophages require phagocytosis of fluorescent bacteria [41] or the dye Neutral Red [24] . This manuscript therefore provides important evidence that enables the identification of this subset of macrophages on the basis of morphology, in addition to the expression of cellular markers.
The inflammatory macrophages described in this paper were characterized on the basis of morphology and immunolabeling of two intracellular proteins expressed only in hematopoietic cells, MPO and LP. At 2-3 dpf inflammatory macrophages can be identified by LP expression without MPO and an elongated morphology (Figs. 1E, F, H, I , K and L and S1E-F, arrows). MPO expression at 2-3 dpf is confined to neutrophils, which also express LP (Figs. 1A-C and S1D-F, arrowheads) as observed in other studies at similar embryonic stages [7, 22] . Similar immunolabeling results in 2 dpf embryos have been shown at much lower resolution [41] . At $24 hpf our results (Fig. S1A-C) differ slightly than those of previous studies of embryos at early time-points where co-expression of MPO and LP mRNA was rarely seen [8, 23] . These discrepancies may reflect differences in sensitivity between detection methods or the developmental stage of neutrophil precursors, e.g., MPO expression may precede that of LP in early neutrophils. LP+MPOÀ leukocytes are recruited to wounds in 2-3 dpf larvae (Fig. 1D-I and data not shown); since cells expressing CSF1R mRNA can be recruited to wounds in the tailfins of 2 dpf embryos [42] , this strongly suggests that the LP+ cells responding to a wound are macrophages.
Within a developmental setting such as the CHT, both neutrophils and macrophages appear amoeboid (Fig. 1A-C) , while upon migration through tissues inflammatory macrophages adopt a distinct elongated morphology (Fig. 1K) . Live imaging of inflammatory macrophages in transgenic zMPO:GFP larvae provided further insight into the biology and functions of this cell type. Inflammatory macrophages migrate by extension of long pseudopods (Movies S1 and S2), reminiscent of the ''flowing and squeezing'' model shown by leukocytes migrating in a threedimensional environment [43] . During migration these cells are highly deformable, and able to adopt a very thin, elongated morphology (Fig. 4A) . Prolonged pseudopod extension without migration was also observed (Fig. 4B and Movie S3), likely suggesting a role in either sensing or cell signaling. The possibility that these extensions are used to communicate with other leukocytes is intriguing, but we do not have any substantial evidence of this to date.
Several qualitative observations similar to previous reports [16] provide further evidence that the LP+MPOÀ/GFP lo leukocytes we observe are macrophages. During the inflammatory response macrophages are known to arrive after neutrophils and are generally retained at an inflamed area longer than neutrophils. Similarly, GFP lo inflammatory macrophages tend to migrate slower and arrive later than GFP hi neutrophils at wounds in the tailfin of zebrafish larvae [10] . Inflammatory macrophages are observed to line up along the edge of the wound (Fig. 1E and F) and remain at the wound after neutrophils have left (Movie S4). In support of these observations, electron microscopy has shown that zebrafish macrophages form stable junctions with other cells at a wound, which was speculated to serve a ''tethering'' function [44] . Neutrophils sometimes round up at wound, remaining in this state for several minutes at a time [10] . We have not observed any instances of this by inflammatory macrophages, which remain elongated and extend pseudopods upon arresting at a wound (Movie S4).
Macrophages are known to be highly phagocytic. Phagocytosis of erythrocytes has been shown in primitive macrophages [20] , and we now show that inflammatory macrophages are also highly phagocytic of cellular debris (Movie S5 [14] ). Other reports have shown that larval macrophages phagocytose bacteria [7, 41] . In future studies it will be important to determine if these inflammatory macrophages possess the capacity to present antigen to lymphocytes. Transgenic zebrafish expressing fluorescent proteins in other hematopoietic cells [33, 45, 46] crossed to the zMPO:GFP transgenic will enable novel observations of interactions between immune cell types in zebrafish larvae.
